A polyaniline (PANI)-porous graphene (PGR) hybrid material with high capacitive performance was synthesized through electropolymerization of aniline on the PGR.
Introduction
Nowadays, a large number of researchers have paid tremendous attention to supercapacitors (SCs) owing to their especially long cyclelife, remarkable charge and discharge performance, reversible charge storage mechanism, and high power density. 1 Electrode materials have a critical impact on the properties of SCs, so it is very important and necessary to prepare high-performance electrode materials for their applications. [2] [3] [4] [5] [6] [7] [8] [9] It is well known that the conductive polymer is an outstanding candidate of electrode material for SCs because of its excellent capacitive property. Among the conductive polymers, polyaniline (PANI) has shown great potential due to its rapid charge and discharge property, unique deposing/posing process, remarkable conductivity in doped states and extremely superior specific capacitance. [10] [11] [12] [13] [14] However, there are some shortcomings for PANI as electrode materials hindering its application in SCs. For instance, PANI has poor cycle stability resulting from the significant volume shrinkage and expansion in the repetitive redox process. 15 In order to overcome these shortcomings, an effective method is combining PANI with other conductive materials to prepare hybrid materials. Carbon material is considered as an excellent choice due to its instinct good cycle stability. 16 Many composites of carbon materials and PANI have been reported such as PANI-carbon nanotube (CNT), [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] PANI-carbon aerogels, 27 PANI-activated carbon, [28] [29] [30] [31] [32] and PANI-graphene. [33] [34] [35] Among these composites, graphene (GR) is shown to be an excellent material when combining with PANI, owing to its unique two dimensional monolayer structure, special sp 2 hybrid pattern, extremely large surface area and high electron transfer activity. 36, 37 For example, the synthesized hierarchical GR-PANI nanoworm composites gave a specific capacitance of 488 F·g -1 at 0.5 A·g -1 .
38
Flexible PANI-GR nanofiber composite films were also produced by vacuum filtration of the mixed dispersions of GR and PANI nanofibers, and the maximum specific capacitance reached 210 F·g -1 at 0.3 A·g -1
. 39 The 3D PANI-GR hollow hybrid microspheres provided a specific capacitance of 331 F·g -1 at 1 A·g -1 . 40 But due to the GR agglomeration resulting from the interaction of π-π bond and van der Waals force between the GR sheets, its specific surface area, loading capacity and electron transfer rate significantly decreased, resulting in poor capacitance performance. 39 To resolve this issue, our group recently reported that porous graphene (PGR) with three-dimensional pores was prepared by freeze-drying. 41, 42 Compared with pristine GR, PGR had large surface areas, sufficient activity sites, and efficient diffusion activity. Based on these advantages, we combined PGR with PANI to obtain a highperformance PANI-PGR hybrid material via electropolymerization. The microstructures and morphologies of PANI-PGR were characterized by field emission scanning electron microscopy (FESEM). Electrochemical behaviors were measured by cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD). The impacts of aniline and PGR concentrations, and polymerization cycles on capacitive performances of the PANI-PGR were investigated.
Experimental

Chemical and reagents
5% Nafion solution was purchased from Sigma-Aldrich. Graphene oxide (GO) was obtained from Nanjing JCNano. Tech.Co., LTD. Aniline was from Sino pharm Group Reagent Co. Ltd. All chemical and reagents were of analytical grade, and water used in the experiment was deionized water.
Apparatus
Electrochemical workstation (CHI660D) was purchased from Shanghai ChenHua Instrument Co. LTD. Microstructures of materials were characterized by a SU-70 FESEM with an accelerating voltage of 15 kV. The modified glassy carbon electrode was as work electrode (GCE, 3 mm diameter). A platinum wire was used as counter electrode and Ag/AgCl in saturated KCl solution was served as reference electrode.
Preparation of the PGR modified GCE
PGR was obtained according to our previously reported method. 42 First, 1.0, 1.25, 2.5 and 5 mg PGR was added to 1 ml 0.5 % Nafion solution, respectively. The mixtures were dispersed under ultrasonication to prepare uniform and stable PGR suspensions (1, 1.25, 2.5 and 5 mg·ml -1 ). The GCE was polished with some alumina powder on the polished cloth. After that the GCE was cleaned with ethanol and distilled water, respectively, and dried in nitrogen. Finally, the PGR suspension was dropped onto the surface of GCE and dried at room temperature to produce the PGR modified GCE.
Electropolymerization of aniline on the PGR modified GCE
PANI-PGR hybrid materials obtained from different experimental conditions including aniline concentration, PGR concentration and polymerization cycles are shown in Table 1 . The PANI-PGR was synthesized by electropolymerization onto the PGR modified GCE. The electropolymerization was carried out over the range of -0.2-0.8 V with the scanning rate of 100 mV·s -1 in 0.1 M H 2 SO 4 solution with aniline.
The total mass of PANI deposited on the electrode was determined by Faraday's law as the following equation:
where m is the mass of PANI, Q is the quantity of charge loaded, M is the molar mass of the aniline monomer and F is the Faraday constant (96485 C·mol -1 ).
Capacitive performance of PANI-PGR composites
To assess the electrochemical performance of composites, CV and GCD tests were investigated in a 0.1 M H 2 SO 4 aqueous solution. The cyclic voltammetry was carried out in the voltage range of -0.2~0.8 V with the scanning rates from 10 to 100 mV·s -1 . The specific capacitance was calculated by the following equation:
where m is the mass of gross active material on the electrode, V is the potential range, I indicates the current and v is the scanning rates.
GCD was tested with a potential range of -0.2-0.6 V and the specific capacitance was calculated via the following equation:
where C represents specific capacitance, I is discharge current, t indicates discharge time, and m is the mass of gross active material on the electrode.
Result and discussion
Morphologies of the PANI-PGR composites
FESEM was used to examine the morphologies and microstructures of the PANI-PGR and PGR. Fig. 1a gives the image of the resulted PGR and it was found that there were many three-dimensional interlinked pores throughout the PGR. These pores were formed during the following treatment process: when the suspension was rapidly frozen in liquid nitrogen, water in the suspension was condensed into ice crystals at low temperature. After that, the ice crystals were sublimated in vacuum at low temperature and this resulted in three dimensional porous structures. The good porous structure increased the specific surface area and effectively promoted the ion adsorption and diffusion, which was conductive to the enhancement of their capacitance performance. Fig. 1b gives the FESEM image of the PANI 0.05 PGR 1.25 -15, and extensive membranelike substances on the PGR surface are clearly observed, indicating that the PANI was obtained by electropolymerization and uniformly distributed on the surface of PGR. In addition, PANI-PGR still kept original porous structures of PGR during the electropolymerization. The FESEM image of the PANI 0.05 PGR 1.25 -15 at high magnification is shown in Fig. 1c . Compared with the relatively rough surfaces of PGR, PANI-PGR had smooth surfaces and some porous structures were filled with the PANI, which further proved the existence of PANI. . Two pairs of redox peaks at around 0.1 and 0.45 V were also observed, corresponding to different redox reactions in the electropolymerization process. The electropolymerization of aniline was explained according to the reported literatures. 18, 43 First, aniline molecules were oxidized under a certain potential to form cationic free radicals. Then, the cationic radicals combined with each other to form different dimers. Finally, the dimers translated into oligomer, which deposited on the electrode surface to produce the PANI film. With the growth of polymerization cycles, the peak currents gradually increased, indicating that polyaniline films were produced on the PGR modified GCE. Fig. 2b shows the CV curves of electropolymerization process of aniline on the bare GCE at 100 mV·s -1 in 0.1 M H 2 SO 4 . In Fig. 2b , two redox peaks appeared and there was no significant difference of the peak position between Fig. 2a and 2b . It indicates the similar redox processes occurred during the electropolymerization. However, the peak currents in Fig. 2a were nearly 50 times as that in Fig. 2b , attributed to the fact that PGR modified GCE possessed better conductivity and more active sites than bare GCE. result shows that specific capacitance of the PANI 0.05 PGR 1.25 -15 significantly exceeded that of the PANI 0.05 -15. The reason was that PANI-PGR possessed the three-dimensional interconnected and porous structure, providing large surface areas and accelerating the electron transfer process. Fig. 4a . Obvious redox peaks were observed, indicating that the specific capacitance mainly resulted from the faradaic mechanism. The first pair of peaks at about 0.1 V resulted from PANI transformed from the reduced polybenzene to emeraldine. 45, 46 The second pair of peaks at about 0.5 V was attributed to the emeraldine transforming to aniline in the oxidized state. 47 The lines charts of specific capacitance from the PANI-PGR including various PGR concentration based on CV curves are shown in Fig. 4b ). The bar charts of specific capacitance of GCD curves from the PANI-PGR including different PGR concentrations at 0.5, 2 and 5 A·g -1 are shown in Fig. 4d The effect of different aniline concentrations was also studied by CV and GCD. Fig. 5a shows the specific capacitances calculated by CV curves at the scanning rates from 10, 20, 40, 60, 80 to 100 mV·s . However, the specific capacitance decreased to 760.9 F·g -1 as the aniline concentration further increased to 0.1 M.
Elctrochemical properties of the PANI-PGR composites
Supercapacitive performances of the PANI-PGR composites
The reason was that appropriate increase of the aniline concentration was conductive to specific capacitance due to its inherent good pseudocapacitance properties, while aniline monomers with high concentration formed excessive polyaniline, limiting dramatically the electron transfer. The GCD curves of PANI 0.025 PGR solution are also shown in Fig. 6b . When polymerization cycles were less than 15, the discharge time gradually extended with the polymerization cycles, indicating the corresponding specific capacitance increased. However, when the polymerization cycles were increased from 15 to 20, the discharge time decreased significantly. The phenomenon indicated that excessive polymerization cycles had a negative impact on the electrochemical performance of the material. Fig. 6c shows the bar charts of specific capacitance of samples including various polymerization cycles from GCD curves at 1, 5 and 10 A·g -1 in 0. 
Conclusions
In summary, the PANI-PGR composites have been synthesized via electro polymerization of PANI on the PGR modified GCE. The prepared PGR had appropriate porosity and large specific surface areas, which was conductive to the electropolymerization of PANI on the 
